The photopolymerization reactivity and the polymer
topochemical polymerization of 1,3-diene monomers,5~ which proceeded polymerization in a radical chain mechanism to give a high molecular weight and stereoregular polymer in the crystalline state under irradiation of UV, X-, and y -rays. Several ester or ammonium derivatives of the diene mono-and dicarboxylic acids polymerize in the crystalline state to provide polymer crystals, as shown in Scheme 1. The single crystal-to-single crystal process of the polymerization of diethyl (Z,Z)-muconate has been clarified by the determination of the crystal structure of both the monomer and polymer, as well as the structural change during polymerization using IR and Raman spectroscopies and X-ray diffraction.6~ 9) Monomer crystal structures were also revealed for a series of benzylammonium salts of (Z, Z)-muconates based on which the molecular packing in the crystals and the photopolymerization reactivity were discussed.10~ We further demonstrated the crystal structure design for the topochemical polymerization of the 1,3-diene monoand dicarboxylic acid derivatives bearing a naphthylmethylammonium group as the countercation."
Our recent systematic studies on the photoreaction of benzylammonium sorbates with various substituents have revealed that several sorbates other than the naphthyl- methylammonium derivative proceed via topochemical polymerization to give polymers with well-controlled chain and crystal structures. We also succeeded in the polymerization of bifunctional monomers, which resulted in the novel synthesis of a ladder polymer without any other side reactions. This paper describes the results of the study on the topochemical polymerization of sorbate derivatives as the mono-and difunctional monomers, as shown in Fig. 1 , in the crystalline state for the control of the polymer chain structures. Materials and methods. Alkylammonium sorbates and alkylenediammonium disorbates were prepared by adding sorbic acid to a corresponding alkylamine or alkylenediamine in diethyl ether at room temperature. Precipitants were filtered and dried, followed by recrystallization from methanol or ethanol. Photoirradiation was carried out with a high-pressure Hg lamp (Toshiba SHL-100-2, 100W, Pyrex filter) at a distance of 10 or 16 cm. The polymer yield was gravimetrically determined after removing the unreacted monomer with methanol. Polymer transformation in the solid state was carried out by the method described in previous papers." '12> The NMR spectra were recorded using a JEOL JMN A400 spectrometer in CD3OD at room temperature.
IR spectra were taken with a JASCO FT/IR 430 spectrometer. Powder X-ray diffraction profiles were measured on a RIGAKU RINT 2 100 diffractometer with Cu Ka radiation. Single crystal X-ray data were collected on a RIGAKU RAXIS RAPID-F diffractometer using Mo Ka radiation monochromated by graphite. The structure was solved by the direct method with the program SIR92 and refined by fullmatrix least-squares procedures. All the calculations were performed using CrystalStructure crystallographic software package.
Results and discussion. Table I shows the results of the photoreaction of the benzylammonium sorbates in the crystalline state. The crystals of the p-methyl-substituted derivative 4 provided polymer crystals as the insoluble photoproducts in 40% yield under UV irradiation at room temperature for 8 h. The yield was lower than that of the naphthylmethylammonium salt 5 previously reported." The polymerization of the o-substituted 2 also proceeded, but the polymer yield was very low. The m-substituted 3, as well as unsubstituted derivative 1, were inert to photoirradiation.
The bifunctional monomer 6 as the p-xylylene derivative was also found to polymerize to yield an insoluble polymer, while the mxylylene monomer 7 had no reaction. The polymerization of these monomers is induced by a photochemical process, but the overall polymerization rate was dependent on temperature, being a feature of the crystalline state polymerization of the muconic and sorbic acid derivatives including the other ester and ammonium derivatives.4~ Poly(6) was produced in a quantitative yield at 100 °C after a 4-h polymerization, although the polymerization rate was much lower than those of the monofunctional sorbate derivatives at room temperature.
The insoluble photoproducts were assumed to be stereoregular polymers with a 2,5-trans-structure as the repeating unit based on the IR spectra. The polymers were transformed into triethylammonium derivatives [Vol. 77(B), through a solid-state polymer transformation to determine the stereochemical structure of the polymers." "2~
The polymers were hydrolyzed in a heterogeneous methanol dispersion to give poly(sorbic acid), as shown in Scheme 2, which was then transformed into the triethylammonium polymer. The hydrolysis conditions were dependent on the structure of the polymers. Poly(4) was readily hydrolyzed under mild conditions, namely, 1M HCl in methanol at room temperature for 2 h, which are identical to those for the hydrolysis of poly (5) . In contrast, poly(6) was resistant to the hydrolysis, resulting in a partly hydrolyzed polymer under similar conditions. It was quantitatively hydrolyzed with 6M HCl in methanol with reflux. Fig. 2 shows the 13C NMR spectrum of the triethylammonium polymer transformed from poly (6) , being in good agreement with those derived from poly(4) and poly (5) . Not only the hydrolysis but also the thermal decomposition behavior were influenced by the robust ladder structure of the polymer in the crystals. Poly(6) started to decompose at 275 °C, while poly(5) did below 200 °C accompanied by the liberation of the corresponding amine to quantitatively give poly(sorbic acid).
X-ray powder diffraction confirmed the crystal-tocrystal process of polymerization, suggesting that the polymerization of 6 proceeds via a topochemical polymerization mechanism to provide a double-strand polymer consisting of chains of the erythro-diisotactic-2,5trans repeated structure; namely, a stereoregular ladder polymer is produced during the polymerization of bifunctional monomers in the crystalline state. Fig. 3 shows the schematic models for the topochemical polymerization of bifunctional monomers, which would provide ladder, sheet, or double-layered sheet polymers, respective of the molecular packing in the crystals, the structure of the reacting groups, and the directivity of the propagation. During the topochemical polymerization, because all the reactions are strictly controlled by the crystal lattice to provide an excellent selectivity in the propagation step, it is not expected that any crosslinking and irregular polymer structure are formed. We have successfully determined the single crystal structure of 6. The views of the crystals from the crystallographic axes are shown in Fig. 4 . In the crystal, the monomer molecules stack along the crystallographic taxis to form a column structure appropriate for topochemical polymerization. The ESR measurement during UV irradiation of the bifunctional monomer 6 in the crystalline state has revealed that the propagating radical of 6 consists of two kinds of radicals, a-carboxylate and a-methyl radicals, being different from the exclusive observation of an a-carboxylate radical from benzylammonium (Z,Z)-muconate.10) This supports the polymerization mechanism that both radicals participate in the polymerization of 6 in the crystalline state to efficiently give a ladder polymer, in contrast to the more favored a-carboxylate radical in solution. The stereochemical structure of the ladder polymer obtained from 6 is shown in Fig. 5 . The NMR spectroscopy after the hydrolysis of the isolated polymer has also confirmed no formation of unreacted monomers as the dangling groups in the polymer chain.
The intermolecular distance between the 2-carbon and 5'-carbon (d~~) is important for determining the reactivity during the topochemical polymerization of the 1,3-diene compounds, but it is not enough to evaluate the reactivity. We have to consider the stacking distance (ds) and the tilt angles of the stacking. 91 and 82 are the angles between the stacking direction and the molecular plane in orthogonally different directions. These parameters are defined as shown in Fig. 6 , and summarized in Table II . All the parameters for the crystal structure of the polymerizable monomers with the different chemical structures have similar value to each other, being independent of the mono-and disorbate 
